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effects of supervised exercise training for
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Peter M. Lamont, MD, FRCS, Bristol, United Kingdom
Objective: The mechanisms underlying the symptomatic improvement witnessed as a result of exercise training in
intermittent claudication remain unclear. There is no reproducible evidence to support increased limb blood flow
resulting from neovascularization. Changes in oxygenation of active muscles as a result of blood redistribution are
hypothesized but unproven. This study sought evidence of improved gastrocnemius oxygenation resulting from exercise
training.
Methods: The study recruited 42 individuals with claudication. After an initial control period of exercise advice,
participants undertook a 3-month supervised exercise program. Spatially resolved near-infrared spectroscopy monitored
calf muscle oxygen saturation (StO2) during exercise and after a period of cuff-induced ischemia. Comparison was made
with 14 individuals undergoing angioplasty for calf claudication. Clinical outcomes of claudication distance and
maximum walking distance were measured by treadmill assessment.
Results: Significant increases occurred in mean [interquartile range] claudication disease (57 [38-78] to 119 [97-142]
meters; P  .01) and maximum walking distance (124 [102-147] to 241 [193-265] meters; P  .02) after supervised
exercise but not after the control period. No change occurred in resting StO2 at any interval. Angioplasty (27% [21-34]
to 19% [13-29]; P  .02) but not exercise training (26% [21-32] vs 23% [20-31]; P > .20) resulted in a reduced StO2
desaturation in response to submaximal exercise and an increased hyperemic hemoglobin oxygen recovery rate after
ischemia (0.48 [0.39-0.55] to 0.63 [0.52-0.69] s1; P  .01). However supervised exercise reduced the StO2 recovery
half-time by 17% (82 [64-101] to 68 [55-89] seconds; P  .02).
Conclusions: Supervised exercise training is not associated with increased gastrocnemius muscle oxygenation during
exercise or increased hyperemic hemoglobin flow after a model of ischemia. This suggests that the symptomatic
improvement witnessed is not the result of increased oxygen delivery to the active muscle. The enhanced recovery after
exercise training therefore reflects a combination of enhanced metabolic economy and increased oxidative capacity,
suggesting that exercise training helps reverse an acquired metabolic myopathy. (J Vasc Surg 2012;56:470-5.)
Clinical Relevance: Supervised exercise training has been shown to have significant symptomatic benefits for patients with
claudication, but the mechanisms for the symptomatic improvements witnessed remain unclear. There is no reproducible
evidence to support the hypothesis that supervised exercise induces the development of collateral blood vessels, resulting
in enhanced whole limb blood flow. Near-infrared spectroscopy is an emerging technology that allows the real-time study
of muscle oxygenation during exercise. Near-infrared spectroscopy can be used to distinguish between claudicant patients
and age-matched controls. This large, controlled study used near-infrared spectroscopy to observe the effects of
supervised exercise training on muscle oxygenation in patients with intermittent claudication.
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iIntermittent claudication is a common condition re-
sulting in a significant functional impairment and an in-
creased risk of cardiovascular morbidity. The natural his-
tory of claudication is benign, however, with 2% of
sufferers progressing to amputation of the affected limb.
Following the introduction of angioplasty in 1964,1 in
recent years, a dramatic increase has occurred in the num-
ber of endovascular procedures undertaken for claudica-
tion; however, these interventional treatments for claudica-
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470ion are not without risk and there are concerns about the
ongevity of benefit.2,3 Noninterventional alternatives,
uch as pharmacologic agents, produce only modest bene-
ts when treating symptoms of claudication,4 and as a
esult, the mainstay of treatment for intermittent claudica-
ion has remained risk factor control and exercise.5
Supervised exercise training has significant symptom-
tic benefits compared with exercise advice alone,6 but the
echanisms for the symptomatic improvements witnessed
s a result of exercise training remain unclear. Although
here is no reproducible evidence to support the hypothesis
hat supervised exercise induces the development of collat-
ral blood vessels, resulting in enhanced blood flow to the
ntire limb,7 reports of increased xenon 133 washout from
he gastrocnemius muscle of the symptomatic limb8 have
ed authors to hypothesize that exercise training may result
n a redistribution of blood flow between active and inactive
uscle groups.
r
t
p
e
o
d
t
fi
t
c
p
i
t
p
c
o
d
i
f
e
l
o
c
c
i
t
l
c
d
e
b
d
p
d
t
t
p
c
w
fi
i
s
m
m
s
d
b
n
r
1
l
a
JOURNAL OF VASCULAR SURGERY
Volume 56, Number 2 Beckitt et al 471Near-infrared spectroscopy (NIRS) provides a nonin-
vasive technique for monitoring muscle hemoglobin con-
centration and hemoglobin oxygen saturation (StO2) in real
time. The StO2, which correlates closely with the venular
oxygen saturation,9,10 declines during exercise as a result of
the imbalance between oxygen supply and demand. The
ability of NIRS StO2 monitoring during exercise to distin-
guish between patients with claudication and age-matched
controls has been reported11; indeed, in diabetic individu-
als, it graded disease more accurately than ankle-brachial
pressure indices (ABPIs).12 During the recovery period
after exercise, the NIRS recovery rate constant correlates well
with the 31-phosphorus magnetic resonance spectroscopy–
measured phosphocreatine recovery rate constant,13 suggest-
ing that NIRS recovery dynamics reflect the ability of skeletal
muscle to undertake oxidative phosphorylation in the recov-
ery period after exercise.
To our knowledge, there are no reports in the literature
regarding the effect of supervised exercise training or en-
dovascular revascularization on NIRS-monitored parame-
ters of muscle oxygenation.We hypothesize that supervised
exercise for claudication results in skeletal muscle metabolic
adaptation, reversing an acquired metabolic myopathy.
METHODS
Recruitment. Ethical approval was obtained from the
local research ethics committee (LREC). The LREC de-
nied our application for a randomized trial that included a
nonexercise control group, finding it to be unethical in face
of the clear benefits of supervised exercise and also specified
that inclusion in the study must not alter the participants’
treatment. Individuals with isolated iliac disease suitable for
angioplasty were therefore not recruited to the exercise
study.
We recruited 56 individuals with stable claudication
from the vascular outpatient clinics at the Bristol Royal
Infirmary, and informed consent was obtained. Of these,
42 with predominantly femoropopliteal disease were re-
cruited to the exercise arm of the study and 14 with
symptomatic calf claudication, awaiting angioplasty, were
selected to compare the effects of endovascular revascular-
ization. The patients awaiting angioplasty were selected to
match as closely as possible the exercise group for age, sex,
and the anatomic distribution of disease.
After a control period of at least 8 weeks, participants in
the exercise group entered a 12-week supervised exercise
Fig 1. Study design for the exercise group. After a recruitment
assessment, participants entered an 8-week control period, fol-
lowed by a further treadmill assessment, before entry into the
exercise program.program for claudication (Fig 1). During the control pe- biod, all participants were advised to exercise at least three
imes weekly for a minimum of 30 minutes, walking to the
oint at which claudication became intolerable.
Screening. All patients underwent a lower limb duplex
xamination before recruitment. Computed tomography
r magnetic resonance angiography was only undertaken if
uplex assessment was equivocal or if the individual’s his-
ory of claudication did not correlate with the duplex
ndings. Patients were offered involvement in the study if
hey met the following criteria: stable symptomatic calf
laudication for 6 months, ABPI 0.9, or claudication
rovoked by treadmill walking at 2.5 km/h with a 10%
ncline.
Patients with any of the following were excluded from
he study: previous surgical or endovascular intervention,
revious involvement in a supervised exercise class, exer-
ise-limiting comorbidity (ie, angina, chronic lung disease,
r arthritis), taking phosphodiesterase inhibitors for clau-
ication, or a recent change in medication. Patients with
solated iliac disease suitable for angioplasty were excluded
rom the exercise group.
Exercise regimen. A 12-week program of supervised
xercise training was used. The exercise classes were estab-
ished in 2001, and a randomized case–control trial dem-
nstrated this regimen was effective.14 The training exer-
ises were delivered in a circuit format and targeted at the
alf muscles. After a 10-minute warm-up of passive stretch-
ng exercises, each of the five exercise stations was under-
aken for 8 minutes. The exercises were designed to require
ittle or no specialized equipment so that patients could
ontinue the program at home. Treadmill exercise was
eliberately excluded to prevent familiarization bias. The
xercises comprised step-ups, toe walking, heel raises, wob-
le board, and resistance cycling. Because exercise to clau-
ication has been identified as a key factor in success,
atients were encouraged to exercise to the point of clau-
ication.7
Walking distances. After a familiarization treadmill
est at recruitment, participants’ maximum walking dis-
ance (MWD), defined as the walking distance at which
atients could walk no further because of pain, and initial
laudication distances (ICD), defined as the distance at
hich patients first reported pain, were recorded using a
xed ramped treadmill assessment at 2.5 km/h at a 10%
ncline. This proved tolerable and reproduced claudication
ymptoms in most patients. The walking distance assess-
ents were undertaken on the same Trimline 4000 tread-
ill (Hebb Industries, Tyler, Tex), with the display
hielded from the patient’s view so that the time and
istances walked could be kept from the patient to prevent
ias.
Instrumentation for oxyhemoglobin. NIRS is a
oninvasive method of measuring tissue oxygenation. It
elies upon the ability of near-infrared wavelengths (700 to
000 nm) to pass through biologic tissue. The amount of
ight subsequently observed results from the amount of
bsorption by chromophores: hemoglobin and myoglo-
in. The differing absorption spectra of oxyhemoglobin
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August 2012472 Beckitt et al(HbO2) and deoxyhemoglobin (HHb) allow the relative
concentrations of the two to be distinguished. The NIRO
300 (Hamamatsu Photonics KK, Hamamatsu City Japan)
is a spatially resolved spectrophotometer. Light attenuation
of the four wavelengths of near-infrared light is measured at
three focal points from the light emitter, allowing the
relative absorption coefficients to be obtained from the
slope of the curve. This permits accurate determination of a
quantitative measure, the absolute StO2: percentage O2
saturation  HbO2/(HbO2  Hb)  100.
With an optode separation of 40 mm, the NIRO 300
optode was placed over the lateral belly of the symptomatic
gastrocnemius muscle, and the height above the lateral
malleolus and distance behind the line of the fibula were
recorded in each patient to allow reproducible positioning.
All NIRS treadmill assessments were undertaken in the
same temperature-controlled room set at 18°C tominimize
changes in skin temperature. Data were recorded continu-
ously during exercise and recovery and logged every 0.5
second to a laptop computer.
Treadmill assessments. With NIRS monitoring in
situ, participants performed a fixed ramped treadmill test
(2.5 km/h at 10%) to their limit of tolerance, during which
ICD and MWD were recorded. Participants subsequently
walked for a fixed duration of 100 seconds, equivalent to
69.4 meters. This submaximal exercise did not exceed any
participant’s exercise capacity and provided a reproducible
test for comparison before and after the intervention.
Ischemia-hyperemia response. In addition to the
treadmill assessments, NIRS data were collected during an
episode of ischemia-hyperemia secondary to a cuff arterial
occlusion. A thigh cuff was inflated to 200 mmHg for 300
seconds while the patient sat at rest. The cuff was subse-
quently suddenly unfastened to produce an acute hyper-
emic response, and NIRS monitoring continued until the
NIRS signal had returned to a stable baseline. This tech-
nique, as described by Piantadosi et al,15 can be used for
scaling of the NIRS signal when making comparisons in
chromophore concentrations between individuals. More of
relevance to this study, the peak rate of hemoglobin resatu-
ration reflects the maximum capacity of arterial inflow to
the sampled volume of muscle.
StO2 variables. After the move to standing, partici-
pants rested for a minimum of 30 seconds to achieve a
stable baseline before the resting StO2 was recorded. The
minimum StO2 during exercise was then recorded to calcu-
late the maximum exercise-induced desaturation. Data re-
cording continued during the recovery period until a stable
StO2 was achieved. The recovery half-time (T50) was re-
corded as half of the time taken for StO2 to return to its
resting pre-exercise value (Fig 2). After release of the oc-
clusion cuff, the peak hyperemic HbO2 recovery was deter-
mined as the initial rate of the HbO2 increment after cuff
release. A linear fit was achieved using N300OL software
(Hamamatsu Photonics).
Data analysis. Statistical analysis was undertaken using
SPSS software (SPSS Inc, Chicago, Ill). Nonparametric data
are presented as median and interquartile range (IQR). Com- tarisons between groups were made by Mann-Whitney U
est, unless otherwise stated, and within groups by the Wil-
oxon signed-rank test.
ESULTS
Patient demographics for the two groups are summa-
ized in Table I. The groups did not differ significantly in
ge, sex, resting ABPI, or the treadmill-assessed MWD at
ecruitment. The anatomic distribution of disease between
ig 2. Data output from the NIRO 300 near-infrared spectro-
hotometer. Data were logged every 0.5 second. The dotted line,
epresenting a 50% recovery of the muscle hemoglobin oxygen
aturation (StO2), was used to calculate the recovery half-time.
able I. Participant demographics in the exercise and
ngioplasty groups
ariablesa
Exercise group
(n  42)
Angioplasty group
(n  14)
ge, years 66  6.1 68  5.8
ex
Male 29 8
Female 13 4
BPI 0.69 0.72
urrent smoker 14 (33) 4 (29)
iabetes 16 (38) 4 (29)
ypertension 26 (62) 7 (50)
WD, meters 124 (102-147) 137 (103-161)
BPI, Ankle-brachial pressure index; MWD, maximum walk distance.
Continuous data are presented as mean (interquartile range) and categoric
ata as number (%).
able II. Anatomic distribution of disease between the
wo groups
ocation
Exercise group
(No.)
(n  42)
Angioplasty group
(No.)
(n  14)
liac 8 4
ommon femoral 5 0
uperficial femoral 28 13
opliteal 7 1
rural 2 0
isease of 1 segment 8 4he groups was similar and is summarized in Table II. All
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Volume 56, Number 2 Beckitt et al 473participants reported calf claudication as their exercise-
limiting symptom, and in keeping with this, 83% patients in
the exercise group and 100% of the angioplasty patients had
femoropopliteal lesions, and 21% of participants had com-
bined iliac and infrainguinal disease.
After the supervised exercise program, a significant
108% increase in the ICD from 57 (IQR, 38-78) to 119
(IQR, 97-142) meters (P  .01) was witnessed in the
exercise group, an effect that did not occur after the control
period (53 [IQR, 42-86] meters; P  .30). This was
accompanied by a similar 94% increase in the MWD from
124 (IQR, 102-147) to 241 (IQR, 193-265) meters (P 
.002), which also did not occur after the control period
(131 [IQR, 114-152] meters; P  .30).
Similarly, angioplasty was associated with a significant
159% improvement in ICD from 62 (IQR, 41-84) to 161
(IQR, 116-208) meters (P  .001) and a 136% improve-
ment in MWD from 137 (IQR, 103-161) to 323 (IQR,
235-412) meters (P  .001), which was not witnessed
during the control period.
The symptomatic improvements observed in the exer-
cise group after supervised exercise training were not ac-
companied by any significant change in resting ABPI (0.69
vs 0.71; P .30), whereas a significant improvement in the
resting ABPI was observed as a result of successful angio-
plasty (0.72 vs 0.83; P  .01). Neither exercise nor angio-
plasty had any effect on the resting StO2, with no significant
differences observed at any interval (Table III). There were
no significant correlations between the resting StO2 and the
ABPI index (r0.08; P .50) or the treadmill-assessed
ICD and MWD.
In the exercise and angioplasty groups, a greater peak
exercise-induced StO2 desaturation was witnessed after ex-
ercise in participants’ MWD than after submaximal exercise
(38% [IQR, 33%-44%] vs 26% [IQR, 21%-32%]; P .001).
Supervised exercise training did not result in any reduction
in the exercise-induced desaturation in response to maxi-
mal or submaximal exercise upon completion of the study
(Table III). In contrast, successful angioplasty resulted in a
significant reduction in the desaturation in response to
submaximal exercise, consistent with an increase in blood
flow. Although there was a trend toward a reduction in the
exercise-induced StO2 desaturation in response to maximal
exercise after successful angioplasty from 38% (IQR, 32%-
Table III. Oxygen saturation (StO2) responses at the conc
Outcome
Exercise group (n  42)
Recruitment Comple
Resting StO2, % 56 (48-63) 56 (49
Peak StO2 desaturation
Maximal, % 38 (33-44) 40 (33
Submaximal, % 26 (21-32) 23 (20
Recovery T50 submaximal, sec 79 (61-97) 68 (55
T50, Half-time.
aP values  .05 are statistically significant.44%) to 33% (IQR, 26%-36%), this did not reach statistical dignificance (P  .10). At recruitment, the peak exercise-
nduced desaturation correlated inversely with the resting
BPI (r  0.56, P  .002).
Upon completion of exercise training, there was no
hange in the recovery T50 when participants exercised to
heir newmaximum exercise tolerance (135 [IQR, 96-186]
s 148 [IQR, 109-202] seconds; P  .10). There was,
owever, a statistically significant 17% reduction in the
ecovery T50 in response to submaximal exercise, from 82
IQR, 64-101) to 68 (IQR, 55-89) seconds (P  .02),
pon completion of the supervised exercise program that
as not witnessed at the end of the control period. After
uccessful angioplasty, significant reductions were seen in
50 in response to maximal and submaximal exercise from
5 (IQR, 59-94) to 53 (IQR, 38-67) seconds (P  .01).
evascularization by angioplasty also increased the HbO2
ecovery rate after arterial cuff occlusion by 31%, from 0.48
IQR, 0.39-0.55) to 0.63 (IQR, 0.52-0.69) s1 (P .01).
o such change was witnessed after the supervised exercise
rogram (0.45 [IQR, 0.36-0.54) vs 0.51 [IQR, 0.32-0.63]
1; P  .40).
ISCUSSION
This study confirms that our circuit-based supervised
xercise program is an effective treatment for intermittent
laudication, increasing the treadmill-assessed ICD and
WD by 108% and 94%, respectively. We also observed
ignificant improvements in ICD and MWD after successful
ngioplasty, which, in keepingwith the findings of theMild to
oderate Intermittent Claudication (MIMIC) trial,16 were
1% and 40% greater than with exercise training.
In this study, spatially resolved NIRS was used to
nvestigate the changes in gastrocnemius muscle oxygen-
tion as a result of a supervised exercise program for clau-
ication. We observed no change in gastrocnemius resting
tO2 after supervised exercise training or successful angio-
lasty. Indeed, it is well established that resting StO2 does
ot differ between patients with claudication and healthy
ge-matched controls.11,17 This simply reflects the adequacy
f skeletal muscle perfusion at rest in these patients without
vidence of critical ischemia. In addition, the resting StO2
ailed to correlate with the ABPI or walking performance on
he treadmill, in keeping with previous reports.11,17
The exercise-induced drop in StO or exercise-induced
n of the study
Pa
Angioplasty group (n  14)
PaRecruitment Completion
.50 55 (48-63) 57 (47-65) .30
.30 38 (32-44) 33 (26-36) .10
.20 27 (21-34) 19 (13-29) .02
.02 75 (59-94) 53 (38-67) .01lusio
tion
-63)
-45)
-31)
-89)2
esaturation, however, was inversely correlated with the
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August 2012474 Beckitt et alABPI in this study, suggesting that the StO2 desaturation in
response to exercise may be of value in assessing patients
with peripheral vascular disease, particularly in respect of
individuals with incompressible vessels. Angioplasty signif-
icantly reduced this exercise-induced desaturation in this
study, consistent with enhanced oxygen delivery as a result
of improved blood flow. There was, however, no change in
the exercise-induced desaturation in response to maximal
or submaximal exercise after the completion of the super-
vised exercise program, despite the witnessed clinical ben-
efits. This is not surprising in the case of the maximal
exercise treadmill test, because at follow-up, participants
were asked to exercise to their MWD, exercising beyond
their ICD to the limit of their tolerance such that eventually
oxygen demand exceeded delivery.
In contrast, the absence of any reduction in the
exercise-induced desaturation in response to submaximal
exercise suggests that supervised exercise training does not
result in a significant improvement in the oxygenation of
the symptomatic gastrocnemius muscle, a finding that is
supported by the results of the ischemia-hyperemia model.
Although revascularization by angioplasty did result in an
enhanced hyperemic response to an arterial cuff occlusion, no
such improvement in peak oxygen delivery was witnessed in
the exercise group after they completed the training program.
Both of these findingswould appear to contradict the hypoth-
esis of Alpert et al8 that exercise training results in a redistri-
bution of blood flow from inactive to active muscle groups.
During the recovery phase, the recovery T50 reflects the
magnitude of the oxygen debt resulting from the preceding
episode of exercise and also the capacity for oxidative
phosphorylation to replenish the muscle phosphocreatine
stores during recovery (ie, the muscles’ oxidative capacity).
Upon completion of the exercise study, participants’
MWDs increased by a median of 94%, but despite this
doubling in total workload, there was no change in the
exercise recovery T50 in response to the maximal treadmill
exercise assessment. In the absence of any change in muscle
metabolism, the oxygen debt would be expected to in-
crease upon exercising to a new higher MWD. The finding
that the recovery T50 did not significantly increase would
therefore indicate that this larger workload did not result in
an increased oxygen debt, a finding that could reflect an
improvement in muscle oxygenation, in metabolic econ-
omy, or in both.
In contrast, there was a statistically significant 17%
reduction in the recovery T50 in response to the fixed
submaximal treadmill protocol, upon completion of the
exercise program. It is not possible to conclude to what
extent this is the result of a reduced oxygen debt upon the
completion of exercise (eg, to improved metabolic econ-
omy or to more effective oxidative phosphorylation in the
recovery phase after exercise).
CONCLUSIONS
In view of the finding that exercise training is not
associated with a reduction in exercise-induced StO2 de-aturation or in any increase in the hyperemic HbO2 recov-
ry rate, we propose that this is not the result of increased
ocal muscle oxygenation or blood flow. It, therefore, may
eflect a combination of enhanced metabolic economy and
n increased oxidative capacity, and as such, these data
uggest that one of the mechanisms by which supervised
xercise training improves walking in intermittent claudica-
ion, is the reversal of an acquired metabolic myopathy.
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